Brucellosis is an important zoonotic disease worldwide, caused by Brucella spp., which are facultative intracellular bacteria with no classic virulence factors, as virulence is dependent on the ability to invade and replicate within host cells. In this study, we identified a novel gene bab_RS22045 that encodes a small highly conserved protein in Rhizobiales. To investigate the role of this gene, a deletion mutant and complement strain were constructed. Virulence testing showed that bab_RS22045 is necessary for Brucella virulence, and was designated as virulence-related hypothetical protein, VhpA. The results of a cell infection experiment showed that vhpA was not associated with Brucella adherence to and invasion of HeLa cells, or further intracellular survival within RAW264.7 cells. The results of sensitivity testing showed the vhpA mutant had similar sensitivity to hydrogen peroxide, polymyxin B, and sodium nitroprusside as the wildtype (WT) strain. Interestingly, RNA-seq analysis showed that deletion of the vhpA gene affected the expression patterns of multiple Brucella genes, and the main four up-regulated genes and five down-regulated genes were further confirmed using quantitative real-time PCR analysis. Subsequently, a series of over-expression strains were constructed, and virulence testing showed that over-expression of four up-regulated genes (bab_RS17930, bab_RS17925, bab_RS26460, and bab_RS30050) significantly reduced virulence of the WT strain, and over-expression of bab_RS18680 in the vhpA mutant partially restored virulence, suggesting that vhpA plays an important role in Brucella virulence by changing the expression patterns of multiple genes. Additionally, heterogeneous complementary analysis showed that the homologous vhpA genes of Sinorhizobium meliloti and Agrobacterium tumefaciens could not restore virulence of the vhpA mutant, although VhpA is a highly conserved protein in Rhizobiales. Overall, a novel, small, hypothetical gene was identified that is associated with B. abortus virulence, which highlights the roles of small encoding genes in Brucella virulence.
| INTRODUCTION
Brucellosis is an important zoonotic disease worldwide caused by Brucella spp. (Boschiroli, Foulongne, & O'Callaghan, 2001) . After infection, the onset of human brucellosis mainly manifests as undulant fever. If left untreated, Brucella disseminates systemically and colonizes multiple sites in the body, which is accompanied by various complications, such as arthritis, hepatomegaly, splenomegaly, and endocarditis (Atluri, Xavier, de Jong, den Hartigh, & Tsolis, 2011) . In animal hosts, Brucella have a tropism for the reproductive system, leading to an abortion in females and sterility in males (von Bargen, Gorvel, & Salcedo, 2012) , which results in tremendous economic losses and threats to public health (Boschiroli et al., 2001) .
Brucella is a facultative intracellular bacterium with no classical virulence factors, such as exotoxins, cytolysins, capsules, fimbria, plasmids, lysogenic phages, drug resistant forms, antigenic variations, or endotoxic lipopolysaccharide (LPS) molecules. Its virulence is dependent on the ability to invade and replicate within professional or non-professional phagocytes (Seleem, Boyle, & Sriranganathan, 2008) . Once inside the host cell, Brucella forms a membrane-bound vacuole (BCV), which interacts with the early endosome and acquires several markers, such as the tethering protein early endosomal antigen 1 and the guanosine triphosphate-binding protein Rab5. Subsequently, BCVs further interact with late endosomes/lysosomes and acquire markers, such as Rab7 and lysosomal-associated membrane protein 1. Following transient fusion events via the endocytic pathway, BCVs undergo extensive interactions with the endoplasmic reticulum (ER) and acquire ER makers, such as calnexin D, and form mature BCVs (von Bargen et al., 2012; Celli, 2015) . During this process, any genes that affect the invasion and intracellular survival of the bacterium are considered as virulence-related genes. Identification of virulence-related genes is important to elucidate the pathogenesis of Brucella spp.
In previous reports, several high-throughput experimental technologies, such as random mutagenesis (Kohler et al., 2002; Wu, Pei, Turse, & Ficht, 2006) , proteomics (Lamontagne et al., 2009) , and DNA microarray analysis have been used to identify Brucella virulence-related genes. Various genes have been found to be associated with intracellular survival and the establishment of infection by Brucella in experimental animals, such as LPS, which is involved in the route of Brucella invasion of host cells, escaping recognition of toll-like receptor 4, and impeding presentation by dendritic cells (Seleem et al., 2008) , and the type IV secretion system (T4SS), which is associated with intracellular trafficking of Brucella (Celli, 2015; Celli et al., 2003) and induction of the host inflammatory response (de Jong et al., 2013; Keestra-Gounder et al., 2016) .
To date, 245 virulence-related genes have been identified with the use of the Brucella Bioinformatics Portal (Xiang, Zheng, & He, 2006 ).
In our previous study, polymerase chain reaction (PCR)-based signature-tagged mutagenesis identified 38 novel genes involved in Brucella virulence, including pyk (pyruvate kinase), which was found to be necessary for Brucella abortus to establish chronic infection in a mouse model (Gao et al., 2016) . The bab_RS29915 gene encodes a putative lytic transglycosylase and its mutant showed reduced survival within RAW264.7 cells and was attenuated in a mouse model . Besides, the putative amino acid ABC transporter substrate-binding protein AapJ2 was found to be necessary for Brucella virulence at the early stage of infection in a mouse model (Tian et al., 2018) . With the development of high-throughput experimental technologies, more and more novel genes associated with Brucella virulence continue to be identified and elucidated.
In this study, we identified a novel gene, bab_RS22045, which encodes a small hypothetical protein that is highly conserved in Rhizobiales. In a later study, we confirmed that bab_RS22045 plays an important role in Brucella virulence by modifying the expression patterns of multiple genes. We designated this virulence-related hypothetical protein as VhpA. The aim of the present study was to determine whether the novel small gene vhpA is necessary for B. abortus infection in a mouse model.
| MATERIALS AND METHODS

| Ethics approval
The study protocol for animal experiments was approved by the 
| Bacterial strains and growth conditions
Brucella abortus wild-type (WT) strain 2308 was obtained from the Chinese Veterinary Culture Collection Center (Beijing, China). The WT strain and its derivatives were routinely grown on tryptic soy broth (TSB; Difco ™ ; BD BioSciences, Franklin Lakes, NJ, USA) or tryptic soy agar (TSA) at 37°C under an atmosphere of 5% CO 2 .
Manipulation of all live B. abortus strains was performed in a biosafety level 3 laboratory facility at the Chinese Academy of Agricultural Sciences. Escherichia coli strain DH5α (TIANGEN Biotech Co., Ltd., Beijing, China) was grown in Luria-Bertani medium. When appropriate, 50 μg/ml of kanamycin or 20 μg/ml of chloramphenicol (SigmaAldrich Corporation, St. Louis, MO), respectively, was added. All strains and plasmids used in this study are listed in Table 1 .
| Bioinformatics analysis
Proteins homologous to the VhpA protein in bacterial strains in the different families of the order Rhizobiales were downloaded from the GenBank database and alignment of protein sequences was performed using the Basic Local Alignment Search Tool (https://blast. ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSea rch&BLAST_SPEC=blast2seq&LINK_LOC=blasttab).
| Promoter activity analysis
To confirm activation of the vhpA gene promoter, the LacZ reporter system was constructed as follows: the promoterless lacZ gene without the initiation codon ATG was amplified from E. coli strain K-12 cells by PCR using the primers LacZ-F/R. The purified fragment was cut with the restriction enzymes BamHI and XbaI, and then ligated into the BamHI-and XbaI-digested plasmid pMCR .
The constructed promoterless plasmid pMCR-LacZ was linearized by digestion with the endonucleases KpnI and BamHI. Then, 250, 180, and 100 bp of the promoter region of the vhpA gene was amplified by PCR using the forward primers P250-F, P180-F, and P100-F paired with the reverse primer P0-R, respectively. The PCR products were purified by gel extraction and ligated into the linearized pMCRLacZ plasmid using the EasyGeno Assembly Cloning kit (TIANGEN) to construct the LacZ reporter plasmids. All recombinant plasmids were introduced into Brucella WT strain cells. The promoterless pMCR-LacZ plasmid was also transferred into Brucella cells as a negative control.
LacZ activation was determined as previously described by Zhang and Bremer (1995) with some modifications. Briefly, the Brucella strains were cultured to the exponential phase, then 20 μl of the bacterial suspension was added to 80 μl of permeabilization solution (100 mM Na 2 HPO 4 , 20 mM KCl, 2 mM MgSO 4 , 0.8 mg/ml of cetyl trimethylammonium bromide, 0.4 mg/ml of sodium deoxycholate, 5.4 μl/ml of β-mercaptoethanol) in a 1.5-ml microfuge tube. The mixture was incubated for 30 min at 30°C, and then 600 μl of substrate solution (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 1 mg/ml o-nitrophenyl-β-D-galactoside, 2.7 μl/ml β-mercaptoethanol) was added to the mixture. After sufficient colour had developed, 700 μl of stop solution (1 M Na 2 CO 3 ) was added to stop the reaction and the reaction time was recorded. The tubes were centrifuged for 5 min at full speed and the optical density at 420 nm (OD 420 ) of the supernatant 2.5 | Construction of the deletion mutant and complement strain A suicide plasmid was constructed using an overlap PCR assay as previously reported (Gao et al., 2016) . A 1,027-bp upstream fragment and a 1,020-bp downstream fragment of the vhpA gene were amplified by PCR using the primer pairs VhpA-UF/UR and VhpA-DF/ DR, respectively, and then two fragments were overlapped by PCR using the primers VhpA-UF and VhpA-DR. The overlap PCR product was cloned into the pKB plasmid derived from the pSC plasmid in which the ampicillin resistance gene was replaced with the kanamycin resistance gene (Gao et al., 2016) . The recombinant suicide plasmid pKB-VhpA was transformed into DH5α cells and extracted to construct the mutant. A complement plasmid was constructed using the broad host-range plasmid pBBR1MCS (Kovach, Phillips, Elzer, Roop, & Peterson, 1994) . The vhpA gene fragment containing the promoter region was amplified by PCR using the primers CVhpA-F/R and gel purified. The recovered fragment was digested with the restriction enzymes XbaI and KpnI, and then ligated into the XbaIand KpnI-digested plasmid pBBR1MCS. The recombinant complement plasmid pVhpA was propagated in DH5α cells and extracted to construct the complement strain. The primers used in this study are listed in Table 2 .
The vhpA mutant was constructed by allelic replacement using a two-step strategy, as described in our previous report (Gao et al., 2016) . Briefly, the bacterial cells were prepared by washing twice with ice-cold sterile water, and the suicide plasmid pKB-VhpA (0.5-1.0 μg) was transformed into the pretreated bacterial cells by electroporation. The single exchanged recombinants were selected by plating on TSA containing kanamycin, and then colonies were inoculated into TSB without antibiotics. The second exchanged recombinants were selected by plating on TSA containing 5% sucrose. All colonies were selected and verified by PCR amplification. The complement strain vhpA-Com was constructed by transforming the pVhpA plasmid into the vhpA mutant by electroporation.
| Determination of bacterial growth curve
Bacterial growth was measured at OD 600 . The WT strain, the vhpA mutant, and the complement strain vhpA-Com were cultured in TSB to generate growth curves, as previously described . Freshly cultured bacteria were diluted and the OD 600 value was adjusted to 1.0. Then, 1 ml of the bacterial suspension was inoculated into 100 ml of TSB and cultured at 37°C at 200 rpm. The absorbance at OD 600 of the aliquots was measured every 4 hr.
| LPS extraction and silver staining
The WT strain, the vhpA mutant, and the vhpA-Com strain were cultured to the exponential phase in TSB. Then, the bacterial cells were collected by centrifugation and LPS was extracted using an LPS Extraction Kit (iNtRON, Seoul, Korea). Samples were loaded on 12.5% polyacrylamide gels and separated by electrophoresis. Then, a silver staining assay was performed as previously described ).
| Bactericidal test
Hydrogen peroxide was used to determine sensitivity of the vhpA mutant to oxidative stress and polymyxin B was used to test sensitivity of the mutant to cationic bactericidal peptides. The experimental procedures were performed as previously reported (Tian et al., 2014) . Briefly, the WT strain, the vhpA mutant, and the vhpA-Com strain were cultured to the mid-logarithmic phase (the value of Besides, sodium nitroprusside (SNP) was used to assess sensitivity to nitrosative stress. The WT strain and its derivatives were cultured and adjusted to a concentration of 5 × 10 9 CFU/ml, the suspension was serially diluted by 10-fold and 2 μl of the solution was blotted on the TSA containing 2 mM SNP and cultured for 3-5 days at 37°C. TSA without SNP was used as a normal growth control.
| Cell infection assay
To assess the ability of the bacteria to adhere to and invade host cells, HeLa cells were seeded in 24-well plates and grown in Dulbecco's modified Eagle's medium (DMEM; HyClone Laboratories, Inc., South Logan, UT) supplemented with 10% foetal bovine serum (FBS) (Gibco®; Invitrogen Corporation, Carlsbad, CA) at 37°C under an atmosphere of 5% CO 2 for 24 hr. The cell monolayer was washed twice with DMEM and infected with the WT strain, the vhpA mutant, or the vhpA-Com strain at a multiplicity of infection of 500.
Bacteria were centrifuged onto the cells at 400× g for 5 min and the cells were then incubated at 37°C for 1 hr. Non-adherent bacteria were removed by rinsing the wells five times with PBS. For adhesion analysis, the cells were lysed with 0.2% Triton X-100 in sterile water and the live bacteria were enumerated by plating on TSA plates. For invasion analysis, the cells were incubated with DMEM containing gentamicin (100 μg/ml) for an additional 1 hr to kill extracellular bacteria, and then washed five times with PBS. Then, the cells were lysed and the live bacteria were recovered as described above.
To assess the intracellular survival, RAW264.7 cells were seeded in the wells of 24-well plates and the infection assay was performed as described above. Briefly, the cells were infected at multiplicity of infection of 200. After killing the extra-cellular bacteria, the medium was replaced with DMEM containing 2% FBS and 20 μg/ml of gentamicin. At 2, 8, 24, and 48 hr post-infection (p.i.), the macrophages were lysed with 0.2% Triton X-100 and the live bacteria were enumerated by plating on TSA plates.
T A B L E 2 Primers used in this study
Primers Sequences (5′-3′) 
| 353
All assays were performed in triplicate and repeated at least three times. The results are presented as the averages from triplicate infected samples from one independent experiment.
| Mouse infection assay
To assess bacterial virulence, the WT strain and its derivatives were intraperitoneally inoculated into 6-week-old female BALB/c mice at 1 × 10 5 CFU. Six mice from each group were euthanized at 1, 3, and 5 weeks p.i. The spleens were collected, weighed, and homogenized in 5 ml 0.2% (v/v) Triton X-100 PBS solution, and 100-μl aliquots were serially diluted by 10-fold and plated on TSA to determine bacterial CFUs.
2.11 | RNA extraction, RNA-seq analysis, and quantitative PCR (qPCR)
Total RNA was extracted from the WT strain, the vhpA mutant, and the vhpA-Com strain using the RiboPure ™ -Bacteria kit (Ambion, Foster City, CA). RNA-seq analysis was performed by the Beijing Genomics Institute (Wuhan, China). For qPCR, RNA was reverse transcribed using the PrimeScript RT reagent kit (Takara Bio, Inc., Shiga, Japan) at 37°C for 20 min, then 85°C for 10 s for cDNA templates. The 2× GoTaq qPCR master mix (Promega, Fitchburg, WI) was used for qPCR. Reactions were carried out on a Mastercycler ep Realplex system (Eppendorf AG, Hamburg, Germany) at 95°C for 2 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.
For each gene, qPCR was performed in triplicate and relative transcription levels were determined by the 2 −ΔΔCt method using glyceraldehyde phosphate dehydrogenase as an internal control for data normalization. All primers used for qPCR are listed in Table 2 .
| Statistical analysis
Data were analyzed using GraphPad Prism 6.0 software (Graph Pad Software, San Diego, CA). Statistical significance was determined using the Student's t test. One-way or two-way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test was used for group analysis. A probability (p) value of <0.05 was considered statistically significant.
3 | RESULTS 3.1 | The vhpA gene encodes for a highly conserved small protein in Rhizobiales spp.
The vhpA gene encodes for a short peptide of 84 amino acids. Based on the conserved domain analysis using blastp, the VhpA protein belongs to the DUF3126 superfamily, which is a family of proteins with unknown functions that appear to be restricted to α-proteobacteria. In Brucella spp., the VhpA protein shows 100% identity and its upstream gene bab_RS22050 encodes for a serine O-acetyltransferase, while its downstream gene bab_RS22040 encodes for the T4SS effector RicA, which plays an important role in alteration of Brucella intracellular trafficking by interacting with the Rab2 protein of the host (de Barsy et al., 2011) . Further, we analyzed the VhpA homologous proteins in the different families of the order Rhizobiales. Interestingly, VhpA is a highly conserved protein in Rhizobiales with more than 40% identity in 30 bacterial strains belonging to the 13 families.
As shown in Figure 1 , all bacterial strains have homologous VhpA proteins, especially in phyllobacteriaceae, with 84%-90% identity, and 74%-79% identity in Bartonellaceae and Rhizobiaceae. Besides, the vhpA upstream gene is also highly conserved in Rhizobiales, but the downstream gene is only partly conserved in some bacterial families (Figure 1) . These results showed that VhpA is a highly conserved protein in Rhizobiales, suggesting that this protein may play an important conserved role in Rhizobiales spp.
3.2 | The vhpA gene promoter has significant activity in translation initiation
The sequence of the vhpA gene is relatively short, accounting for only 255 nucleotides. First, we verified the promoter activity of the vhpA gene by fusion of the lacZ reporter gene. The different promoter regions of the vhpA gene were cloned into the reporter plasmid pMCRLacZ ( Figure 2a ). The activity of β-galactosidase was determined using the substrate o-nitrophenyl-β-d-galactoside. As shown in Figure 2b , the 250-bp promoter fragment of the vhpA gene has obvious β-galactosidase activity, while the 180-bp promoter fragment also has significant activity, as compared to the promoterless control, although its activity is lower than that of the 250-bp promoter fragment. However, the 100-bp promoter fragment had no significant activity. These results suggest that the vhpA gene can be translated effectively and the 180-bp promoter region is sufficient to initiate transcription.
| The vhpA mutant was constructed successfully without phenotype changes
To further investigate the role of the vhpA gene in Brucella virulence, we constructed a vhpA deletion mutant by SacB-assisted homologous recombination and a vhpA complement strain vhpA-Com by restoring the vhpA gene using the broad-range plasmid pBBR1MCS.
First, we identified the vhpA mutant and the complement strain vhpA-Com using PCR with three specific primers: P1, P2, and P3. As shown in Figure 3a , a 248-bp fragment was deleted in the vhpA gene. The P1 and P2 primers were localized at flanking regions of the vhpA gene for PCR amplification of the integral fragment of the WT strain and a shortened fragment of the vhpA mutant. As shown in Figure 3b , the integral vhpA gene of the WT strain was amplified by PCR using the primer pair P1/P2, while the shortened fragment of the vhpA gene was amplified by PCR. In the vhpA-Com strain, two fragments harbouring the complement plasmid pVhpA were amplified. The primer P3 was localized on the inside of the vhpA gene (Figure 3a) . When the mutant was confirmed by PCR using the primer pair P1 and P3, no band was observed in the vhpA mutant, and a 369-bp fragment was found in the WT strain and the vhpA-Com strain (Figure 3b ). These results confirmed that the vhpA deletion mutant and the complement strain vhpA-Com were constructed successfully.
A further study was conducted to confirm whether the deletion of the vhpA gene has a polar effect on its flanking genes bab_RS22050 and bab_RS22040. As shown in Figure 3c , the qPCR Miller units of the promoter activity were determined. Statistical significance was determined using the unpaired Student's t test. ***p < 0.001
results showed that the expression patterns of the flanking genes bab_RS22050 and bab_RS22040 were not changed in the vhpA mutant, and expression of the vhpA gene was restored in the vhpACom strain, as compared to the WT strain. Besides, according to previous reports, Brucella tends to lose the O-antigen of the LPS molecule due to spontaneous mutation, which significantly affects Brucella virulence (Turse, Pei, & Ficht, 2011) . In this study, the LPS of the WT, vhpA, and vhpA-Com strains were extracted and analysed by silver staining. The results showed no significant changes in the patterns of LPS of the vhpA mutant, as compared to the WT strain ( Figure 3d ). Additionally, bacterial growth of the WT, vhpA, and vhpA-Com strains were also evaluated. The results showed that the vhpA mutant had no significant growth defect in TSB (Figure 4e) . Determination of growth curve in tryptic soy broth. Statistical significance was determined using the unpaired Student's t test. ns, no significance; ***p < 0.001
The vhpA mutant was attenuated in a mouse model. (a) The bacteria were recovered from spleens infected by the WT strain and the vhpA mutant. (b) Splenomegaly was assessed by spleen weight. Statistical significance was determined using one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance and 35 days p.i., the spleen weight in the vhpA mutant infection group was lighter than that of the WT strain group. The vhpA-Com strain partially restored its ability to induce splenomegaly at 35 days p.i., while at 7 days p.i., splenomegaly was not significantly induced by the vhpACom mutant. Together, these results confirmed that the vhpA gene is involved in Brucella virulence.
3.5 | The vhpA gene is not associated with Brucella
adhesion, invasion, or intracellular survival
The results of the virulence testing showed that the vhpA gene is associated with Brucella virulence. However, the mechanism of reduced Brucella virulence by deletion of the vhpA gene was unclear.
Adhesion to and invasion of host cells are the first steps to establish infection. In this study, the ability of the vhpA mutant to adhere to and invade into HeLa cells was evaluated. The results showed that the ability of the vhpA mutant to adhere to and invade into HeLa cells was the same as that of the WT strain (Figure 5a and b). Intracellular survival within macrophages is another important manifestation of Brucella virulence, so we further assessed the ability of the vhpA mutant to survive within RAW264.7 cells. As shown in Figure 5c , the survival curves of the WT, vhpA, and vhpA-Com strains within RAW264.7 cells were similar, suggesting that the vhpA gene is not associated with the intracellular survival of Brucella.
| The vhpA gene is not necessary for Brucella to resist immunity-related bactericidal components
The above results showed that the vhpA gene is not associated with Brucella adhesion to, invasion of, and subsequent intracellular survival in host cells. To further investigate the role of the Brucella vhpA gene to resist immunity-related bactericidal components, hydrogen peroxide was used to assess the ability of Brucella to resist oxidative stress. The results showed that the resistance of the vhpA mutant to hydrogen peroxide was not significantly changed in comparison with the WT strain (Figure 6a ). Besides, we investigated the ability of the vhpA mutant to resist cationic bactericidal peptide and found that the vhpA mutant was not sensitive to polymyxin B relative to the WT strain (Figure 6b) . In further study, SNP was used to evaluate the ability of Brucella to resist nitrosative stress. As shown in Figure 6c, the growth of the vhpA mutant was similar to that of the WT strain in TSB containing 2 mM SNP, suggesting that the vhpA gene is not involved in the resistance of Brucella to nitrosative stress.
Together, these data suggest that the vhpA gene is not necessary for Brucella to resist killing by immune-related bactericidal components.
3.7 | Deletion of the vhpA gene reduces Brucella virulence by changing the expression patterns of multiple genes
To further investigate the role of the vhpA gene, comparative transcriptomics between the WT strain and the vhpA mutant were performed using RNA-seq analysis. In total, 3,378 and 3,094 transcripts were identified in the WT and vhpA mutant strains, respectively. Both strains shared 3,039 transcripts, of which 395 were identified as differentially expression genes (DEGs). All DEGs were functionally classified into four parts based on Kyoto Encyclopedia of Genes and Genomes (KEGG) functional classification. As shown in Figure 7a , the main DEGs were predominately involved in metabolism. Of 395 DEGs, 148 were upregulated and 247 were down-regulated in the vhpA mutant, as compared to the WT strain. Based on the KEGG pathway analysis, all DEGs were classified into 30 pathways. ABC transporters, quorum sensing, and the two-component system were the most changed pathways in the vhpA mutant (Figure 7b ). These results suggest that deletion of the vhpA gene affects the expression patterns of multiple B. abortus genes.
To identify the key genes affected by vhpA gene deletion in Brucella virulence, we confirmed the DEGs with changes in expression profiles of more than 5-fold in the vhpA mutant versus the WT strain using qPCR. The results showed that seven genes were up-regulated and 21
were down-regulated. The qPCR results showed that four genes were significantly up-regulated and five were obviously down-regulated (Table 3) . To confirm the role of the key DEGs, the four up-regulated genes were over-expressed in the WT strain and expression of the five down-regulated genes was restored in the vhpA mutant using the plasmid pBBR1MCS. The virulence of all the derived strains was assessed in a mouse model. As shown in Figure 8a , over-expression of the Undoubtedly, Brucella virulence is mainly dependent on its ability to invade and survive within the host cell, while adherence and invasion are the first steps of the pathogen to establish further infection in the host. As shown in this study, the virulence of the vhpA mutant was reduced in the early stage of infection (7 days p.i.), suggesting that the adherence and invasion processes of the mutant were deficient. However, it was not expected that there would be no difference in the ability of the vhpA to adhere to or invade into HeLa cells. Importantly, the mutant had the same ability to survive within macrophages as the WT strain. Besides this, another key aspect of reduced Brucella virulence at the early stage is killing by host immunity-related components, as the LPS-deficient mutant showed reduced resistance to bactericidal peptides (Allen, Adams, & Ficht, 1998) , which was significantly attenuated in a mouse model at the early stage of infection . However, the vhpA mutant was not sensitive to hydrogen peroxide, polymyxin B, and SNP, as compared to the WT strain, suggesting that the surface structure of the mutant was not modified. These data led to some confusion regarding the function of the small VhpA protein in Brucella virulence. These results not only suggested that Brucella virulence was dependent on the capacity for intracellular survival, or resistance to killing, by host immunity-related components, but that a complicated process happens during Brucella interaction with the host immunity system, such as interferon-γ activated macrophage killing and effects of CD8 + cytotoxic T lymphocytes (Dorneles, Teixeira-Carvalho, Araujo, Sriranganathan, & Lage, 2015) . Additionally, we assumed that the VhpA protein may affect Brucella virulence by changing the expression patterns of multiple genes, even though we found no DNA binding motifs in the VhpA protein by conserved protein domain analysis with the GenBank database.
Based on our comparative transcriptomics analysis using RNAseq, many genes were identified as DEGs. The KEGG pathway analysis results showed that the DEGs involved in ABC transporter, quorum sensing, and two-component system were predominately clustered, and KEGG function classification revealed that the expression patterns of genes associated with metabolism were mainly changed. ABC transporters play important roles in the ability of Brucella to uptake diverse components, such as metal ions, amino acids and oligopeptides (Jenner, Dassa, Whatmore, & Atkins, 2009 ).
Quorum sensing is essential for pathogens to communicate and adjust metabolism. The Brucella luxR-type regulators VjbR and BabR regulate many genes involved in the stress response, metabolism, and virulence (Uzureau et al., 2010) . Several two-component systems have been reported to be involved in the virulence of Brucella, which is associated with the responses to ionic strength (Mirabella et al., 2012) , an oxygen-limited environment (Carrica Mdel, Fernandez, Sieira, Paris, & Goldbaum, 2013) , and resistance to bactericidal cationic peptides (Manterola et al., 2005) . These data mean that the vhpA Hence, the exact function of these proteins in Brucella virulence remains unknown. Additionally, only over-expression of bab_RS18680 in the vhpA mutant partly restored its virulence.
BAB_RS18680 is a BetI family transcriptional regulator with an unknown function. Therefore, the role of BAB_RS18680 in Brucella virulence should be further investigated.
Overall, in this study, the small hypothetical protein VhpA was found to be associated with the virulence of B. abortus. Virulencerelated hypothetical protein is a highly conserved protein in Rhizobiales with unknown function, while its mutant significantly reduced F I G U R E 9 The homologous VhpA genes from S. meliloti and A. tumefaciens were unable to restore virulence of the Brucella vhpA mutant. (a) Bacterial loads in spleens infected by the heterogeneous complement strains. (b) The weights of spleens infected with the heterogeneous complement strains. Statistical significance was determined using one-way ANOVA analysis. ***p < 0.001 virulence at the early stage of infection. However, VhpA is not associated with the abilities of Brucella to adhere to, invade, and survive within the cell, or to resist host immunity-related components.
Although the VhpA protein has no conserved DNA binding motif, its deletion changed the expression patterns of multiple genes, which play important roles in Brucella virulence.
